Events of host-adaptation involving bacteria is at the origin of the most salient events in the 16 evolution of Eukaryotes: the seminal fusion with an archaeon 1,2 , and the emergence of both 17 the mitochondrion and the chloroplast 3 . Understanding how bacteria contributed to these 18 events is difficult, due to the scarcity of ancient clades containing host-adapted bacteria only. 19
few very large groups encompass only host-adapted members, including Legionellales, 48 Chlamydiales, Rickettsiales and Mycobacteriaceae. Hallmarks of adaptation to the 49 intracellular space include smaller population sizes, genome reduction and degradation, and 50 pseudogenization 13 . Legionellales is a large and diverse group of the Gammaproteobacteria 51 4,14 , encompassing so far only intracellular organisms, including well-studied accidental 52 human pathogens, Coxiella burnetii and Legionella spp. Legionellales show great variation in 53 lifestyle 4 , ranging from facultative intracellular (Legionella spp.) to the highly reduced, 54 vertically inherited Coxiella symbionts of ticks 15, 16 . Due to their fastidious nature and their 55 rarity, they are underrepresented in genomic databases, with only 7 genera with sequenced 56 4 representatives, out of an estimated >450 genera 14 . The Type IVB secretion system (T4BSS) 57 has a key role in interacting with hosts in Coxiella 17 and Legionella 18, 19 , injecting a wide 58 diversity of protein effectors into the host cell. Effectors alter the hosts behavior, preventing 59 the bacterium to be digested and helping benefiting from the host resources. In the Legionella 60 genus, with over 50 species, the number of effectors reaches several thousand, up to 18 000, 61 but with only eight conserved throughout the genus 20,21 . 62
To better understand the evolutionary history of Legionellales and their relationships 63 with their early hosts, we gathered 35 genomic sequences from novel Legionellales, through 64 whole-genome shotgun, binning of metagenome-assembled genomes (MAGs) and database 65 mining. Bayesian and maximum-likelihood phylogenies on two different datasets confirm that 66 both families in the order, Legionellaceae and Coxiellaceae (hereafter jointly referred as 67
Legionellales sensu stricto) are monophyletic, sister clades, and diverged rapidly after the 68 LLCA ( Fig. 1) . Two other groups, Berkiella spp. and Piscirickettsia spp. could not be placed 69 with equally high confidence (Supp . Table 1 ). However, Bayesian phylogenies 70 ( Supplementary Figure 1 and 2) inferred with the CAT model consistently placed Berkiella 71 as sister-clade to Legionellales sensu stricto (ss). The two latter groups are hereafter 72 collectively referred to as Legionellales sensu lato (sl). The placement of Piscirickettsia is not 73 as consistent, and future studies will firmly establish whether it groups with Legionellales or 74 with Francisella. 75
The phylogeny shows a comprehensive, previously unknown diversity among 76 Legionellales (Fig. 1) . The Coxiellaceae is divided in two large clades, one including the 77 known genera Coxiella, Rickettsiella and Diplorickettsia, and another ("Aquicella"), about 78 which very little is known, includes the amoebal pathogen Aquicella and environmental 79
MAGs. Strikingly, both MAGs branching as sister groups to the Legionella genus have small 80 5 genomes (2.2 and 1.9 Mb, respectively, see Supplementary Figure 3 ), whereas genomes in 81 the Legionella genus (except for Ca. L. polyplacis, an obligate louse endosymbiont 22 ) range 82 from 2.3 to 4.9 Mb 21 . This suggests that Legionellaceae last common ancestor that had a 83 smaller genome than the extant Legionella species, although it cannot be excluded that 84 genome reduction occurred independently in these two MAGs. 85 Legionellaceae correspond to the groupings in 20 and 21 , respectively. The full tree is available 95
in Supplementary Figure 1 . 96
To better understand the evolution of host-adaptation in the order, we reconstructed 97 the gene flow within the Legionellales. The phylogenetic birth-and-death model implemented 98
in Count 23 was used on the same set of genomes (Legio93) as the tree in Fig. 1 . The 99 reconstructed gene flow reveals a total of 553 gene family losses, from the last free-living 100 ancestor to LLCA sl, (Fig. 2, Supplementary Figure 3 , Supp. based on the Bayesian tree in Fig. 1 . At the left of each node, barplots depict the number of 111 gene families (blue, ranging from 0 to 2295) inferred in that ancestor, as well as the number 112 of family gains (green, from 0 to 589) and losses (red, from 0 to 781) occurring on the branch 113 leading to that ancestor. On the right panel, squares represent proteins included in the T4BSS 114 7 (separated according to the three operons present in R64 19 ) and the eight effectors conserved 115 in Legionella 21 . Rows in-between terminal nodes correspond to the last common ancestor of 116 the two nearest terminal nodes, e.g. the row between Aquicella and Berkiella corresponds to 117 ancestor 96, the last common ancestor of Legionellales sensu stricto. The color represents the 118 posterior probability that each protein was present in the ancestor of each group. A complete 119 tree is shown on Supplementary Figure 3 and the underlying numbers are available in Supp. 120 Tables 2 and 3 . 121 A crucial feature for the success of many host-adapted bacteria is their ability to 122 secrete proteins into their hosts cytoplasm, typically through secretion systems. Among the 123 proteobacterial VirB4-family of ssDNA conjugation systems (Type IV Secretion Systems, 124 T4SS), the T4BSS, also referred to as MPFI or I-type T4SS, is probably the earliest diverging 125 24 . It is present in almost all extant Legionellales, with the exception of the extremely reduced 126 endosymbionts of the group (Supplementary Figure 3) , where it is either missing completely 127 or pseudogenized. It is partly missing in several of the small, novel Coxiellaceae MAGs, 128
indicative of an increased dependence on their host, although metagenomics binning artefacts 129 cannot be excluded. T4BSS in Legionellales appear largely collinear ( Fig. 3, Supplementary  130   Figure 4 ). Ancestral reconstruction of the order also revealed that the T4BSS, as it is found in 131 extant Legionellales, was shaped between the last free-living ancestor and the LLCA, with the 132 additions of several proteins ( Fig. 2, Supplementary discussion) . A homologous T4BSS 133 system is present in Fangia hongkongensis, but mostly absent in the free-living 134
Gammaproteobacteria and in Francisella, a sister clade to Fangia. It is likely that the T4BSS 135
in Contrarily to the T4BSS itself, which is highly conserved throughout the order, 142 effectors are much more versatile. Of the eight effectors conserved in the Legionella genus 21 , 143 only two are found outside of the Legionellaceae family ( Fig. 2) : RavC (lpg0107) is found in 144 most Legionellales sensu stricto, LegA3/AnkH/AnkW (lpg2300) in the latter as well as in 145
Berkiella. MavN (lpg2815), which is conserved in Legionella spp. and was found in 146 Rickettsiella 20 , is found only in a few Coxiellaceae species ( Fig. 2; Supplementary Figure  147 3), and is unlikely to have been acquired in the LLCA. Although the function of these 148 effectors is not precisely known, LegA3/AnkH contains ankyrin repeats, and has been 149 suggested to play a role in process involved in modulation of phagosome biogenesis 25 . biomarkers can be unambiguously attributed to a bacterial clade and thus be used as 162 calibration points 26 . One of these is okenone, a pigment whose degradation product okenane 163 has been found in the 1.64-Ga-old Barney Creek Formation 27 , and is, to the best of our 164 knowledge, exclusively produced by a subset of Chromatiaceae. Chromatiaceae (purple 165 10 sulfur bacteria) and Legionellales are phylogenetically close to each other, both belonging to 166 the basal Gammaproteobacteria 28 . We reasoned that the last common ancestor of all 167 okenone-producing Chromatiaceae had to be at least as old as the earliest known trace of 168 okenone, i.e. ³1.64 Ga (Fig. 4) . Using this constraint and a relaxed molecular clock model, 169
we were able to calibrate a Bayesian tree, based on a dataset including genomes from 105 170
Gammaproteobacteria (of which 22 belong Legionellales and 19 to Chromatiaceae) and 5 171 outgroups (Gamma105 dataset). We estimate that LLCA existed ca. 2.43 Ga ago ( Fig. 4) , 172 with a 95% high posterior density ranging from 2.70 to 2.26 Ga (see Supp. Table 4 ). 173
Legionellales' common ability to invade eukaryotic cells combined with the presence 174
and high conservation of the crucial host-adaptation genes, namely a complete T4BSS and 175 two effectors, strongly suggest that LLCA was already infecting other cells. It is also likely 176 that, like extant Legionellales, LLCA depended on phagocytosis, a mechanism exclusively 177 found in Eukaryotes. This implies that LLCA came after the division of Archaea and the first 178 eukaryotic common ancestor, FECA, thus placing an upper bound for the existence of 179 phagocytosis and for FECA at 2.26 Ga. Given an estimate of the age of LECA of 1.0-1.6 Ga 180 5 , the time for eukaryogenesis, defined as the time elapsed between FECA and LECA 6 , 181 would be at least of 660 Ma, and up to over 1.5 Ga. 182
Four of the most prominent hypotheses describing eukaryogenesis (reviewed e.g. in 9 ) 183 make different assumptions about the timing of the mitochondrial endosymbiosis. In the 184 hydrogen hypothesis 12 , the mitochondria arrived early ('mito-early'), with the mitochondrial 185 endosymbiosis event itself triggering eukaryogenesis. In the phagocytosing archaeon model 186 were assembled using the HGAP3 pipeline, resulting in one unitig per replicon. The assembly 210 was confirmed by performing cumulative GC skews on each replicon 31 . All replicons had 211 repetitive sequences at the beginning and the end of the sequences, suggesting that they were 212 12 circular. One unitig in A. lusitana had multiple repeats of the same sequences and was edited 213 manually. All chromosomes were rotated to have the origin of replication, as determined by 214 cumulative GC skews, at the beginning of the sequence. The final sequences were confirmed 215 by mapping ~500k shorter reads (2x300 bp, obtained from an Illumina MiSeq run) to the 216 sequences obtained from PacBio. No SNP could be found in any of the replicons. All 217 sequencing was performed at NGI, SciLifeLab, Uppsala and Stockholm, Sweden. 218
The sequences were then annotated with prokka 1.12-beta 32 , using prodigal 2.6.3 33 to 219 call protein-coding genes, Aragorn 1.2 34 to predict tRNAs and barrnap 0. Table 13 in 36 ) to estimate the completeness of their MAGs. We used the 226 same set (referred to as Bact139) to estimate MAG completeness. A large subset of the 139 227 protein domains are very frequently located in the same protein in a vast majority of 228
Proteobacteria. This was evidenced by investigating 1083 genomes, using phyloSkeleton 37 to 229 select one representative per proteobacterial genus and to identify proteins containing the 230 Bact139 domain set. Of these domains which often co-localized in the same protein, only the 231 most widespread one was retained. In total, only 109 domains were used to identify proteins 232 suitable for phylogenomics analysis. This set is referred to as Bact109 and is available in 233 phyloSkeleton 37 . 234 13 Metagenome assembly 235 The 86 metagenomes with the highest fraction of reads belonging to Legionellales were 236 selected (Supp . Table 5 ). Metagenomes sequenced only with 454 (Roche), or that were too 237 complex to be assembled on the computational cluster at our disposition (512 Gb RAM) were 238 not included. Raw reads were downloaded from the European Nucleotide Archive (ENA) and 239 trimmed using Trim Galore (v0.4.2) 38 to remove standard adapter sequences. Additionally, 240 reads were trimmed using Trimmomatic (v0.36) 39 with a sliding window (4:15) to only 241 discard low-quality bases without losing whole reads. Trimmed reads were then assembled 242 using SPAdes (St. Petersburg genome assembler) (v3.7.1) 40 , using the --meta option and 243 kmer sizes 21, 33, and 55 for metagenome sizes that did not require running on a HPCC 244 (High Performance Computer Cluster). More complex metagenomes requiring a HPCC were 245 assembled on UPPMAX with a single kmer, 31. Contigs smaller than 500 bp were then 246 discarded. 247
Identification of MAGs belonging to Legionellales

248
To identify MAGs belonging to Legionellales, the ggkBase (https://ggkbase.berkeley.edu/) 249 and NCBI Genome databases were screened for MAGs attributed to Gammaproteobacteria. 250
MAGs obtained through metagenomic binning from a previous published study 41 and from a 251 prepublication 42 that branched close to Legionella pneumophila were also included. 252
The selected MAGs and the assembled metagenomes were screened using the same 253 ribosomal protein (r-protein) pipeline as described in 2 , hereafter referred to as RP15. Briefly, 254 this pipeline uses first PSI-BLAST to search the given metagenomes and MAGs for 15 255 ribosomal proteins, which are universally located in a single chromosomal locus. Contigs 256 containing at least 8 of the 15 r-proteins are then retained, and referred to as r-contigs. 257 14 A backbone of known organisms (a set of organisms with complete genome and 258 known taxonomy) was used to help identifying to which known clades the r-contigs belong. 259
The package phyloSkeleton 37 was used to select one representative genome in each family 260 within Gammaproteobacteria, one in each order of the Beta-and Alphaproteobacteria, as well 261
as Mariprofundus and Acidithiobacillus. PhyloSkeleton also identified orthologs of 15 262 ribosomal proteins in the gathered genomes. 263
The RP15 orthologs gathered from both the metagenomic sources and the backbone 264 For both sets, protein markers from the Bact109 set were identified with 292 phyloSkeleton v1.1 37 . Each marker was aligned separately with mafft-linsi v7.273 43 . The 293 resulting alignments were trimmed with BMGE v1.12 49 , using the BLOSUM30 matrix and 294 the stationary-based trimming algorithm. The alignments were then concatenated. From these 295 alignments, maximum-likelihood trees were reconstructed with FastTreeMP v2.1.10 44 using 296 the WAG substitution matrix. Upon visual inspection of the resulting trees, the genome 297 selection was reduced to remove closely related outgroups, and the phylogenomic procedure 298 repeated. Once the genome dataset was final, a maximum-likelihood tree was inferred with 299 IQ-TREE v1.6.5 50 , using the LG 51 substitution matrix, empirical codon frequencies, four 300 gamma categories, the C60 mixture model 52 and PMSF approximation 53 ; 1000 ultrafast 301 bootstraps were drawn 54 . 302
The first set of genomes, referred to as Gamma105 was used to correctly place the 303
Legionellales in the Gammaproteobacteria, in particular with respect to the Chromatiaceae. It 304 encompasses 110 genomes, of which 105 are Gammaproteobacteria, one is a 305 Zetaproteobacterium, 3 are Betaproteobacteria, and one is an Acidithiobacillia. The selected 306
Gammaproteobacteria include representatives from Legionellales (22), Chromatiaceae (19) , 307
Francisellaceae (17) and Piscirickettsiaceae (4) (Supp . Table 6) . 308
The second set, referred to as Legio93, is focused on the Legionellales itself and 309 encompasses 113 genomes, of which 93 belong to Legionellales and the rest to 310 Gammaproteobacteria (16 genomes), Betaproteobacteria (2 genomes), Acidithobacillia (1 311 genome) and Zetaproteobacteria (1 genome) (Supp . Table 7) . 312
For both sets, single-gene maximum-likelihood trees were inferred for each marker. 313
The BMGE-trimmed alignments were used to infer a tree using IQ-TREE 1.6.5, using the 314 automatic model finder 55 , limiting the matrices to be tested to the LG matrix and the C10 and 315 C20 mixture models. Single-gene trees were visually inspected for the presence of very long 316 branches resulting from distant paralogs being chosen by phyloSkeleton. 317
For both sets, a Bayesian phylogeny was inferred with phylobayes MPI 1.5a 56 from 318 the concatenated BMGE-trimmed alignments, using a CAT+GTR model. Four parallel chains 319 were run for 9500 generations (Gamma105 set) and 3500 generations (Legio93 set), 320
respectively. The chains did not converge in either set. For Legio93, all four chains yielded 321 the same topology for all deep nodes in and around Legionellales. For Gamma105, 3 out of 4 322 chains yielded the same overall topology, while the last one had the Piscirickettsia and the 323
Berkiella clades inverted (Supp. Table 1 ). The majority-rule tree obtained from the Bayesian 324 trees for Legio93 was subsequently used for the ancestral reconstruction (see below), while 325 the one for Gamma105 was used as input tree to estimate the time of divergence of the LLCA 326 (see below). 327
Identification of okenone-producing Chromatiaceae
328
To relate the earliest documented trace of okenone 27,57 to a specific ancestor, we took two 329 approaches. First, we compared a list of okenone-producing Chromatiaceae 58 with the 330 genomes available in Genbank and at the JGI Genome Portal 59 . We found five okenone-331 producing Chromatiaceae genomes. Second, we used homologs of the proteins encoded by 332 the genes crtU and crtY, which are considered essential to synthesize okenone 60 , to screen the 333 nr database. We used the proteins from Thiodictyon syntrophicum str. Cad16 (accession 334 number: CrtU, AEO72326.1; CrtY, AEO72327.1) as queries in a PSI-BLAST search 61 335 restricted to the order Chromatiales, keeping only proteins with at least 50% similarity. 336
Gathered homologs (n=7 in both cases) were aligned with MAFFT L-INS-I v7.273 43 and the 337 alignment was pressed into a hidden Markov model (HMM) with HMMer 3.1b2 62 . Using 338 phyloSkeleton 37 , we collected all Chromatiales genomes from NCBI (n=130) and queried 339 these, together with the Gamma105 set with both HMMs. A significant similarity (E-value < 340 10 -10 ) for CrtU and CrtY was found in 42 and 25 genomes, respectively. A hit for both 341 proteins was found in 8 genomes only, of which 6 belong to the Chromatiaceae. Of these 6, 4 342 were already identified by the first method listed above; one was a MAG that was too 343 incomplete to include in further phylogenomics analysis; the last one was another MAG that 344 was included in later analysis. The other two genome that had proteins similar to CrtU and 345
CrtY are Kushneria aurantia DSM 21353, a member of the Halomonadaceae and 346
Immundisolibacter cernigliae TR3-2, which branches very close to the root of the 347 Gammaproteobacteria: these two might represent cases of horizontal gene transfer. 348 with the --more-sensitive option, enabling masking of low-complexity regions (--masking 1), 385 retrieving at most 10 5 target sequences (-k 100000), with a E-value threshold of 10 -5 (-e 1e-5), 386 and a pre-calculated database size (--dbsize 98280075). In the clustering step, mcl 14-137 69 387 was called with the inflation parameter equal to 1.5 (-I 1.5), as recommended by OrthoMCL. 388
Time-constrained tree
Annotation of the protein families obtained by OrthoMCL was performed by 389 searching for protein accession number in a list of reference genomes (see below). If any 390 protein in a family was present in the first genome, the family was attributed this annotation; 391 else, the second genome was searched for any of the accession numbers, and so on. The 
